The Simons Observatory is building both large (6 m) and small (0.5 m) aperture telescopes in the Atacama desert in Chile to observe the cosmic microwave background (CMB) radiation with unprecedented sensitivity. Simons Observatory telescopes in total will use over 60,000 transition edge sensor (TES) detectors spanning center frequencies between 27 and 285 GHz and operating near 100 mK. TES devices have been fabricated for the Simons Observatory by NIST, Berkeley, and HYPRES/SeeQC corporation. Iterations of these devices have been tested cryogenically in order to inform the fabrication of further devices, which will culminate in the final TES designs to be deployed in the field. The detailed design specifications have been independently iterated at each fabrication facility for particular detector frequencies.
Frequency
Parameter Target Variation MF-1 (93 GHz) P sat (100mK) 4 pW 3-5 pW τ e f f 0.61ms 0.37-1.1 ms MF-2 (145 Ghz) P sat (100mK) 6.3 pW 4.7 -7. 9 pW τ e f f 0.53 ms 0.32-0.96 ms UHF-1 (225 GHz) P sat (100mK) 16 pW [12] [13] [14] [15] [16] [17] [18] [19] pW τ e f f 0.36ms 0.2-0.65 ms UHF-2 (285 GHz) P sat (100mK) 24 pW 18-31 pW τ e f f 0.31ms 0.18-0.57 ms Table 1 Current SO targets for some of the measured parameters in various bands. P sat targets, are chosen based on loading estimation for bands; noise targets are motivated by sensitivity requirements; τ e f f targets are motivated by the expected rate of change of the TES input signal. We have omitted the low frequency (LF) bands as their target parameters have not been sufficiently determined as of this writing.
Introduction
The Simons Observatory collaboration is building a series of telescopes to measure the CMB radiation; one large aperture (∼6m) telescope and three small aperture (∼0.5 m) telescopes [1] . Each Simons Observatory telescope will use arrays of TES bolometers to measure power from the CMB at multiple frequencies. In total, over 60,000 such sensors will be used in the polarization sensitive focal plane [2] . The Simons Observatory target bands are "low frequency" LF-1 ∼27 GHz and LF-2 ∼39 GHz, "Medium Frequency" MF-1 ∼93 GHz and MF-2 ∼145 GHz, and "ultra high frequency" UHF-1 ∼225 GHz and UHF-2 ∼285 GHz. A TES consists of a superconducting material thermally linked to a constant temperature bath. The TES is voltage biased to keep it on its superconducting transition, where the resistance of the device changes steeply with input power. Voltage biasing the TES results in negative electro-thermal feedback that keeps the TES stably on the superconducting transition [3] . A resistance change due to power incident on the detector from the sky changes the current through the detector; this current can be measured with any one of a number of SQUID based readout systems [3] [4] .
A TES has a number of properties that can be optimized according to the desired application. The observation frequency, temperature of the thermal bath, the SQUID readout architecture, and expected power from the atmosphere all affect target TES parameters. Therefore, iterative testing is underway to develop fabrication processes for the TES bolometers that will be used in the Simons Observatory telescopes.
Several TES parameters must be optimized to match the planned readout and cryogenic systems. We target a normal resistance (R n ) of 8 mΩ to match the microwave SQUID multiplexing readout system described in [5] . Lowering the resistance increases the powerto-current responsivity of the TES, which results in the SQUID readout noise contribution being suppressed relative to the TES noise. Stability is maintained by operating the TESes in the overdamped regime in which the electrical time constants of the circuit are much shorter than the TES thermal time constants [3] . For these tests, we operate with a shunt resistance of 200µΩ . We target a critical temperature (T c ) of 160 mK for use with dilutionrefrigerator-cooled cameras. Other significant band dependent target parameters are listed in Table 1 . TES width/length (# of Squares) Fig. 1 Left: SeeQC bolometer and TES design highlighting the bolometer legs that are adjusted to change the saturation power ( Fig. 2) , the TES geometry (red), which is 8 µm by 50 µm in this design, and the Nb leads. Middle: TES T c versus width. The increase in T c for smaller widths is attributed to an increase in the proximity effect from the Nb leads. Right: TES R n versus the ratio of the TES width to the length (aka. number of squares in the TES).
To inform each new generation of TES fabriaction for the Simons Observatory, TES properties were tested at Cornell University. All measurements were done in a dilution refrigerator with a mixing chamber heater capable of servoing the temperature to a specified value. All measurements were done in a dark environment; that is, no TES was exposed to significant external light. Except for the four lead measurements, all measurements were taken with the aid of a time domain SQUID multiplexing system, read out through Multi-Channel Electronics (MCE) developed at the University of British Columbia [6] . The MCE allows us to specify the TES bias voltage and read out the resultant current passing through the TES. The time domain multiplexing system employed with the MCE is a good proxy for the microwave multiplexing that will be used in Simons Observatory because the TES bias circuit is the same and the measurements are not readout noise dominated.
We present characterization of detectors fabricated at NIST, Berkeley, and SeeQC. The SeeQC detectors are also described in [7] . The NIST detectors presented here have evolved from the designs optimized for Advanced ACTPol [8] and are currently being optimized for UHF band observations. Two generations of these detectors have been fabricated and tested, and are hereafter referred to as v1 and v2. Feedback from the testing presented here has informed the optimization of the v2 detectors, which we show are closer to the target SO parameters. However, additional iterations are planned to improve the performance further. Given that this is the first time the teams at Berkeley and SeeQC have fabricated AlMn TESes with target resistance of R n = 0.008 Ω and T c = 0.16 K, results from these devices are less mature. Therefore, only IV measurements of them are presented at this time.
Four lead and IV Measurements
Four lead measurements have been made of many prototype devices to measure the AlMn TES R n and T c . Example measurements of several SeeQC detectors are shown in Fig. 1 for different TES geometries. More information about these devices is available in [7] . Variations in T c are attributed to changes in the proximity effect from the Nb leads. R n scales with geometry as expected ( Fig. 1 ). Similar behaviors have been observed with previous AlMn TESes [9] .
Using the MCE, the current through the TES can be measured as a function of bias voltage across the superconducting transition. This allows measurement of the saturation power required to drive the TES normal. By measuring the saturation power at many different temperatures, we can fit the model Table 2 Some measured parameters from NIST UHF detectors compared to their target ranges as gathered from IV analysis. P sat values are listed for a bath temperature of 100mK. Measurements are presented for both v1 and v2 detectors. In each case, the v2 value is closer to the target. The saturation power should go as cross sectional area over leg length [10] ; in these detectors, the cross sectional area is constant.
By doing so we measure both T c and G = nkT n−1 , which is the thermal conductance between the TES and the bath [3] (Fig. 2) . Additionally, the saturation power itself is a significant target parameter, as it must be tuned to match the expected optical loading from the sky at each frequency. Analysis of the IVs collected as part of this process also naturally yields measurements of R n .
The variety of information yielded by this analysis makes it a critical component of TES testing. Using this method, we successfully measured the parameters of the NIST UHF detectors shown in Tab. 2. The feedback from these tests on the v1 detectors led to the improvement seen in the v2 detectors.
SQUID-based measurements of T c and R n were confirmed with extensive four lead resistance measurements. Four lead measurements are faster and easier to acquire, and can reveal an appropriate range of temperatures to take IV measurements over for a given device.
We also measured a variety of TES devices fabricated by Berkeley in order to inform leg geometry for their specific detector design (Fig. 2) . Berkeley recently installed a new AlMn target and is continuing to optimize T c and R n . This optimization combined with the information in Fig. 2 will be used to select TES leg geometries that achieve the desired saturation power for the next round of Berkeley devices. Measurements of a v2 detector which showed a faster response, as expected after heat capacity removal, although still slower than the target design.
Bias Step Measurements
The TES temporal response while operated under negative electrothermal feedback can be quantified by f 3dB , which is related to the detector's effective thermal time constant f 3dB = 1/2πτ e f f . We measure f 3dB by first biasing the TES onto its transition and then applying a small amplitude square wave on top of the DC bias. The TES response to the square wave is sampled quickly (∼ 3200 Hz) and the time constant is extracted via a single pole exponential fit to each step of the square wave [10] . Fig. 3 shows measurements of the thermal time constants of NIST UHF detectors. These measurements take place at multiple bath temperatures and multiple points on the transition (shown as fraction of normal resistance). These data are then fit (for a given fraction of normal resistance) to
where A and B are a function of the measurable parameters [11] . The natural time constant, τ nat = C/G, is equivalent to the bolometer time constant without negative electrothermal feedback and is extrapolated from the value of f 3dB at zero power: f nat = (1/2π)G/C. In Fig. 3 , we show bias step f 3dB measurements of v1 and v2 devices. Fits to Eq. 2 are extrapolated to zero bias power and the average f nat of the fits is plotted with an errorbar corresponding to the standard deviation between fits. In the operational bias power range, the time constants of v1 devices were found to be too slow, motivating the removal of some of the bolometer heat capacity in v2 devices. The bolometer heat capacity is dominated (∼ 99%) by the TES AlMn and extra PdAu used to control heat capacity volume. Table 3 gives the fabricated volumes of the PdAu and AlMn heat capacities. Given these volumes and that the heat capacity per unit volume of PdAu is roughly 3.5 greater than that of AlMn [12] combined with measurements of T c and G, we calculate that f nat for v2 should be roughly twice that of v1 (Table 3) . While this prediction does not account for the loop gain of the TESs and thus, does not indicate the speed-up of the devices under negative electrothermal feedback, it provides a guide and estimation for the next iteration of fabricated devices. Indeed, after measurements, the extrapolated f nat of v2 was found to be roughly twice that of v1, as shown in Fig. 3 Table 3 Fabricated PdAu and AlMn volumes used to estimate the speed-up between v1 and v2 time constants. The speed-up factor is calculated by taking the ratio of τ nat = C/G of v1 and v2. An effective heat capacity is calculated by given that the heat capacity per unit volume of PdAu is roughly 3.5 greater than AlMn, and assuming that the heat capacity scales linearly with critical temperature: V e f f = (3.5 · V PdAu + V AlMn ) · (T c /160mK). Then, V e f f /G is used as a proxy for the τ nat and the speed-up factor is taken as the ratio of the proxies for v1 and v2. than v2. This is expected to decrease the natural time constants by an additional factor of 1.5 between the v2 and v3 detectors.
Noise Measurements
The readout system is designed to bias the TES onto the superconducting transition and then read out the current as a function of time, while keeping the TES on the transition. In the field, this current will be used to measure input power due to light from the sky. However, dark measurements in the laboratory are useful for measuring the noise characteristics of the TES. In our tests, data are sampled at 3200 Hz for one minute. These data streams are acquired on each detector at many different temperatures and many different points on the superconducting transition (i.e., fractions of normal resistance).
The measured noise equivalent power should be fairly constant as a function of normal resistance fraction, and ideally, roughly flat in the range ∼10-100 Hz. We compare this value of the measured noise equivalent power (NEP) to an approximation of the thermal fluctuation noise (TFN), 4k b T 2 c GF link [3] . F link is assumed to be 1 but may be as small as 1/2, which could explain some of the variation between the measured NEP and the TFN. See Fig. 4 for an example NEP spectrum. Additional measured NEPs are shown in Fig. 5 . Fig. 5 Histograms of measured NEP for NIST UHF detectors. In these histograms, each detector was measured at various temperatures and fractions of normal resistance, and each measurement counts as a point on the histogram. In total, there are six independent physical detectors measured. The thermal fluctuation noise (TFN) is estimated and plotted as a vertical line for each detector type. The measured noise levels cluster around (v1) or slightly below (v2) the TFN, suggesting it is the dominant noise source. The TFN is calculated by using the average measured G and T c of the devices. The NEP of the detector is a fit of a constant function to the NEP spectrum in the range 10-100Hz. The TFN calculation assumes F link = 1, but F link may be as small as 1/2 [3] . The UHF-1 v1 detectors were not measured.
Conclusion
Multiple versions of Simons Observatory prototype detectors have been fabricated and measured. Bias step and noise measurements of the NIST UHF detectors have been acquired and analyzed to inform successive generations of prototype devices. The noise measurements are consistent with expectations from bolometer thermal fluctuation noise. The second version of prototype devices from NIST meets several of the target parameters for SO, and the third version is expected to achieve sufficiently low time constants. Berkeley and SeeQC detectors have been measured using the IV technique with a variety of geometries. The most recently analyzed set of detectors contain TESes with saturation powers that are near the targets for the MF and LF bands. Future versions of these detectors will undergo similar noise and bias step measurements to those presented here. Final iterations of the TES designs for the MF and UHF frequencies are underway, and fabrication of the Simons Observatory detector arrays will begin in the near future.
